Abstract: This study investigates the feasibility of using R-134a filled separated two-phase thermosiphon loop (STPTL) as a free cooling technique in datacenters. Two data center racks one of them is attached with fin and tube thermosiphon were cooled by CRAC unit (computer room air conditioning unit) individually. Thermosiphon can help to partially eliminate the compressor loading of the CRAC; thus, energy saving potential of thermosiphon loop was investigated. The condenser is a water-cooled design and perfluoroalkoxy pipes were used as adiabatic riser/downcomer for easier installation and mobile capability. Tests were conducted with filling ratio ranging from 0 to 90%. The test results indicate that the energy saving increases with the rise of filling ratio and an optimum energy savings of 38.7% can be achieved at filling ratios of 70%, a further increase of filling ratio leads to a reduction in energy saving. At a low filling ratio like 10%, the evaporator starves for refrigerant and a very uneven air temperature distribution occurring at the exit of data rack. The uneven temperature distribution is relieved considerably when the evaporator is fully flooded. It is also found that the energy saving is in line with the rise of system pressure. Overfilling of the evaporator may lead to a decline of system pressure. A lower thermal resistance occurs at high filling ratios and higher ambient temperature.
Introduction
Effective thermal management in datacenter has become more and more important. This is because nowadays the electrical energy consumption of datacenters represents 1.1~1.5% of the world's total electricity consumption. Besides, traditional cooling systems of datacenter consume nearly 50% of the total energy. Moreover, according to industry predictions, data centers' annual power demand can reach up to 20% [1] . In this regard, recent researches had focused on implementing new efficient cooling techniques that might help to minimize the electrical power usage and then minimize the costs spent on thermal energy management. Thus, many recent studies had employed free cooling techniques such as direct/indirect airside and waterside free cooling [2] . By introducing these techniques to datacenter, the compressor load can be partially or completely relieved. However, mechanical piping system of such techniques requires long distance transportation of air or water. In other words, they consume a lot of electrical energy through fans or pumps. One alternative for energy-saving technique is based on heat pipe for its passive feature. Using heat pipe for data center cooling such as thermosiphon is being Zhang et al. [1] ISMT that has three working modes: T.S mode, vapor compression mode and dual mode R-744 R-22 R-134a
The indoor temperature = 27 • C and outdoor temperature = (7-22) • C The optimal filling ratios for CO 2 , R22 and R134a are 120%, 100% and 90%, respectively
Han et al. [3] Integrated air conditioner with thermosyphon (dual mode direct expansion evaporator)
R-22
Heating load = 2112 W. The AC rated cooling capacity was 3200 W. Indoor temperature = 22 • C Energy savings up to 34.3-36.9%
Zhang et al. [4] A three-fluid heat exchanger is used to connect refrigeration loop and a thermosyphon loop Unknown Indoor temperature = 27 • C Outdoor Temperature = (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) • C The annual energy saving rate is 5.4-47.3%
Ding et al. [6] Separated heat pipe system. The evaporator was placed inside the datacenter rack to cover all rack surface area R-22 R-134a R-410A
Heat source's temperature (32~40) • C Condenser's temperature (10~14) • C Heat transfer ability of R-22 is 4.8% higher than R134a, while R-410A is 8.7% higher than R134a
Feng et al. [7] T.S was built to use ambient energy to cool a typical data center, the volume of T.S = (0.75 × 0.32 × 0.29) mm 3 
Unknown
Heating load = 1.1 kW T a = 25 • C T.S cooling capacity = 2 kW the annual energy consumption could be reduced by 35.4%
Chehade et al. [9] Loop T.S that uses an evaporator that is composed of two compensation chambers for the liquid and vapor working fluid separated by a microchannels block.
n-pentane HFC-365mfc SES-36 HFE-7000 FC-3284
Heating load = (100~700) W T a = 25 • C Results showed that increasing the liquid and vapor lines section diameters could be one of the vital keys to improve the system thermal efficiency. Also, increasing ambient temperature increases the mass flow rate in the loop and decreases the evaporator pressure drop Tong et al. [10] Finned-tube heat exchangers The heat transfer area is about 16.9 m 2 R-744 R-22
Heat transfer rate = (1-4) kW Outdoor temperature = 18 • C
The total thermal resistance of R-744 is (22-25) % lower than that of the R22 Z. Tong et al. [11] The inner surface areas of the evaporator and condenser is (0.42 m 2 ) each. The inner diameters of the riser and downcomer are both 6 mm.
R-744
T c,i was controlled between 13 and 15 • C.
Heating load range (200~1700) W Maximum heat transfer ability is achieved at the fill ratio around 100%. Lowest driving temperature difference is achieved at the fill ratio around 62%
Zhang et al. [13] ISMT system consists of two circulation loops: an AC loop and a T.S loop.
R-22
Heating load = 4.5 kW. T a = 24 • C Filling quantity of T.S loop = 3.8 kg 
Source STPTL's Description Working Fluid Operating Conditions Results
Zhang et al. [14] A tube-fin three-fluid heat exchanger and a parallel flow evaporator
R-22
The indoor and outdoor temperature differences are (10, 15 and 20) • C Best cooling capacity of thermosiphon mode is 7.1 kW at 20 • C temperature difference Zhang et al. [15] Integrated air conditioner combines thermosyphon and vapor compression into one device Water T a = 24 • C Cooling capacity was up to 49.2 kW
The proposed system can save 33% of the energy consumed for cooling, compared with traditional system Ling et al. [16] A micro channel separated heat pipe, evaporator's volume (750 × 780 × 25) mm 3 R-22
1. Dry/wet bulb Temperature = (13/7.3) • C 2. Dry/wet bulb Temperature = (8/3.4) • C The optimal refrigerant filling ratio was 88-101%. Cooling capacity was increased by 138% when the temperature difference between indoor and the outdoor increased from 5 • C to 10 • C Zhang et al. [17] CO 2 loop thermosyphon with microchannel parallel-flow heat exchangers
R-744 R-22
The indoor and outdoor temperature difference is 10 • C
The optimal filling ratio of R-744 is 150%. The heat transfer rate and circulation flow rate increased with height difference
With reference to the aforementioned related literatures, it is obvious that most of recent studies had focused on the usage of the separated two-phase thermosiphon loop in association with the outdoor environments for cooling the data centers, lacking detailed quantitatively energy saving for the system. Moreover, the idea of placing the thermosiphon on the rear of the data center rack was rarely discussed. This idea was experimentally investigated by Ding et al. [6] . However, they focused on investigating heat transfer capability and the factors that may influence the heat transfer performance of the loop such as filling ratio and no quantitatatively energy savings were reported. As a consequence, the objective of this experimental study is to bridge the realization and the actual energy saving when a separated thermosiphon loop as a free cooling technique is adopted, and to investigate the feasibility of using PFA pipe as an adiabatic connection as far as mobility is concerned. Moreover, as depicted in Table 1 , very rare studies were available concerning the use of R-134a in STPTL even though it is widely used in air-conditioning and refrigeration industry.
Experimental Setup and Approach

STPTL's Working Principle
The thermosiphon attached to the back of data center rack transfers energy from a heat source (data center rack) to a heat rejection section (shell and coil condenser) via natural circulation of the R-134a as the working fluid. The generated vapor moves from the evaporator through riser toward the condenser where it condenses thereafter and circulates back to evaporator through downcomer to complete circulation. The geometric configuration of the STPTL is arranged such that the condensed liquid can flow back to the evaporator by gravity as can be seen in Figure 2a. 
Introduction to the Experimental Setup
Two identical datacenter racks have been installed in a small room. The size of the room is nearly (3 × 3 × 3) m 3 . Two electrical heaters were installed inside each rack. Both heaters reject a maximum heating load of 4 kW to the ambient. The size of each rack is (0.6 × 0.6 × 1.95) m 3 . The two racks were placed to face each other as shown in Figure 1a . An air conditioner (AC) having 14 kW cooling capacity was used as the main cooler for the racks. The AC was connected from the top with rectangular duct to transfer the cold air to a diffuser that was placed between the top of the two racks as shown in Figure 1 . The cross-sectional area of the rectangular duct is (0.3 × 0.3) m 2 . Also, each rack has an identical set of fans (15 fans each).
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(a) (b) (c) Figure 1 . Datacenter racks' configuration: (a) A general view of datacenter racks arrangement with duct system; (b) 3D-modeling of the datacenter rack, it shows the position of heaters that simulate network servers; (c) Dimensions of the thermosiphon in cm.
Description of the STPTL
A fin-and-tube thermosiphon heat exchanger made of copper pipes and aluminum fins was attached on the back of one of the racks. The surface area of the thermosiphon is 1.11 × 0.69 m² including collector and header, and it consists of 48 vertical copper tubes with 9.52 mm nominal diameter (10.3 mm collar diameter after expansion). The header of the thermosiphon consists of five copper pipes (1-inch diameter each) which are connected to another 2 inches diameter extended header as shown in Figure 2a to allow better vapor distribution and easier transmission to the condenser. The thermosiphon represents the evaporator of the STPTL, which was connected with the condenser by an adiabatic fluorothermo-plastic material pipes (PFA). The PFA serves as vapor line and liquid line. Two vapor lines of 2 inches diameter and about 2.2 m length were used for lowering 
A fin-and-tube thermosiphon heat exchanger made of copper pipes and aluminum fins was attached on the back of one of the racks. The surface area of the thermosiphon is 1.11 × 0.69 m 2 including collector and header, and it consists of 48 vertical copper tubes with 9.52 mm nominal diameter (10.3 mm collar diameter after expansion). The header of the thermosiphon consists of five copper pipes (1-inch diameter each) which are connected to another 2 inches diameter extended header as shown in Figure 2a to allow better vapor distribution and easier transmission to the condenser. The thermosiphon represents the evaporator of the STPTL, which was connected with the condenser by an adiabatic fluorothermo-plastic material pipes (PFA). The PFA serves as vapor line and liquid line. Two vapor lines of 2 inches diameter and about 2.2 m length were used for lowering transmission impedance to the condenser, whereas one liquid line of 2 inches diameter, 1.65 m length was installed, which is large enough for the condensed liquid to flow back via gravity to the evaporator. The condenser was placed at the highest point close to the ceiling, it should be higher than the thermosiphon to provide enough space for the condensed liquid to accumulate in the Energies 2019, 12, 105 6 of 18 liquid line, this is quite essential especially at high filling ratios (e.g., 70% and 90%) because the level of liquid is comparatively high (close to the condenser's outlet). The condenser is a simple water-cooled shell and coil heat exchanger, and it was designed to reject heating load up to 6 kW. It consists of a 0.75-inch diameter, 3.5 m length coiled copper pipe as shown schematically in Figure 2a . Chilled water is circulated in the coiled pipe, while the R-134a vapor is circulated in the annulus around the tube.
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Experimental Approach and Operating Conditions
In order to obtain the desired results, the following parameters have been studied: The experiment was conducted for all cases under the same conditions, and the total power consumption of cooling systems was compared and recorded then plotted for all the cases of the aforementioned parameters. More details about the experimental apparatus and operating conditions are explained in the following section.
Experimental Apparatus and Measurements
Fans were installed on the front door of each rack. Air velocity was measured by thermoanemometer (LM-8000, Tecpel, Taipei, Taiwan), the measuring range of the device is (0.2~30) m/s with precision of 0.1 m/s. Average air velocity for each set of fans was 2.5 m/s, PWM controllers were used to adjust the air velocity to be identical for both racks and it was kept the same for all cases. To find the power consumed by each set of fans, digital multimeter was used to measure voltage and current, thus, the calculated power was 66.48 W. The inlet and outlet temperature of the rack were 
Experimental Approach and Operating Conditions
In order to obtain the desired results, the following parameters have been studied: • Chilled water's flow rate: water flow rate was constant for all cases (15 L/min).
•
Filling ratio of R-134a: the experiment was conducted at five different filling ratios (10%, 30%, 50%, 70%, and 90%). The filling ratio is based on the volume of the evaporator.
Heating Load: The experiment was conducted at a constant heating load (4 kW) with two heaters (2 kW each) being turned on for all experiment cases. See Figure 1b .
The experiment was conducted for all cases under the same conditions, and the total power consumption of cooling systems was compared and recorded then plotted for all the cases of the aforementioned parameters. More details about the experimental apparatus and operating conditions are explained in the following section.
Experimental Apparatus and Measurements
Fans were installed on the front door of each rack. Air velocity was measured by thermo-anemometer (LM-8000, Tecpel, Taipei, Taiwan), the measuring range of the device is (0.2~30) m/s with precision of 0.1 m/s. Average air velocity for each set of fans was 2.5 m/s, PWM controllers were used to adjust the air velocity to be identical for both racks and it was kept the same for all cases. To find the power consumed by each set of fans, digital multimeter was used to measure voltage and current, thus, the calculated power was 66.48 W. The inlet and outlet temperature of the rack were measured by using 45 T-type thermocouples (OMEGA, Singapore, Singapore), they were fixed and distributed evenly on a mesh as shown in Figure 2b . The mesh was fabricated to cover the whole fans area at the inlet and outlet (0.7 × 0.55) m 2 . The obtained temperature values were used to calculate the average temperature of the evaporator (T e,avg ). In order to measure the average temperature of the condenser (T c,avg ), more T-type thermocouples were installed at the inlet and the outlet of the pipe wall of the chill water as shown in Figure 2b . A rotameter flow meter was used to measure water flowrate in condenser, and its accuracy is ±0.2 l/min. All thermocouples were calibrated by RTD with an accuracy of ±0.1 • C. The values of temperatures were obtained by using digital recorder (LR8400-20, HIOKI E. E., Nagano, Japan). The same data logger was used to measure the working pressure of R-134a at different filling ratios, the values were recorded by using (Yokogawa, Tokyo, Japan) type absolute pressure transducer which was connected with the header of the thermosiphon as shown in Figure 2b , the range of the device is 0~20 kgf/cm 2 , and the measurement uncertainty for voltage is ±0.001 V. The electrical power consumption was recorded for every case using WT210 digital power meter (Yokogawa, Tokyo, Japan), model number 760401, and its uncertainty is ±0.1 W. Experimental apparatus with the accuracy of each device are tabulated in Table 2 . 
Data Reduction
A comparative experiment was performed to validate the effectiveness of the STPTL. The experiment started with testing the traditional datacenter rack (with no thermosiphon). Electrical power consumed by AC (P ac ), the inlet air temperature (T ai ), and outlet air temperature (T ao ) of the datacenter rack were recorded then compared with the results of the other rack that is combined with the STPTL. The performance of STPTL was investigated at different filling ratios of the working fluid (10%, 30%, 50%, 70%, and 90%). The filling ratio is defined by the following Equation: FR% = measured by using 45 T-type thermocouples (OMEGA, Singapore, Singapore), they were fixed and 171 distributed evenly on a mesh as shown in Figure 2b . The mesh was fabricated to cover the whole fans 172 area at the inlet and outlet (0.7 × 0.55) m². The obtained temperature values were used to calculate the 173 average temperature of the evaporator (Te,avg). In order to measure the average temperature of the 174 condenser (Tc,avg), more T-type thermocouples were installed at the inlet and the outlet of the pipe Table 2 . 
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e is the volume of the evaporator. Best performance of the loop can be obtained through the longest relief of compressor running time of the air-conditioning system where maximum energy savings can be obtained.
Power Consumed by the Rack with No Thermosiphon
While measuring the inlet and outlet air temperature at front and back door of the rack, power meter recording the power consumption of the AC within specific period of time (30 min) was adopted for all cases. Power of fans was calculated by multiplying the supply voltage and the current which were measured by the multi-meter, namely
where P f is the total power consumed by the (15 fans). Thus, total power consumption of the traditional rack (P tr ) is the summation of power consumed by fans and AC, i.e., P tr = P ac + P f (3)
Power Consumed by the Rack with the Thermosiphon Loop STPTL
In addition to the power consumed by fans and AC, power consumed by condenser's chilled water should be added. Accordingly, total power consumed by the rack with thermosiphon can be calculated such that,
Pt = P ac + P f + P ch + P p (4) where, P ch is the power consumed by chiller and P p is the power consumed by the pump. In order to calculate P ch , the amount of heat removed at the condenser has to be known, it can be determined by the energy balance equation:
where T c,i and T c,o are the inlet and outlet temperatures of the condenser, respectively. Then, P ch can be calculated by dividing chilled water's cooling capacity on the coefficient of performance of the chiller as follows:
where COP being chiller's coefficient of performance and it is equal to 4.2.
The liquid pump's electrical consumption at a specific flow rate (15 l/min) is approximately equal to 60 W. The saving of energy subject to saving's percentage was calculated such that,
Uncertainty analysis regarding power consumption calculations are tabulated in Table 3 . Table 3 . Uncertainty analysis regarding power consumption calculations.
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Results and Discussion
Power Consumption and Energy Savings Results
The experiment was conducted subject to three ambient temperatures (21 • C, 23 • C, and 25 • C, respectively) in association with filling ratio ranging from 10~90%. The power consumptions for P ac , P f , P ch , and P p , are tabulated in Tables 4 and 5 In Figure 3 , the test results showed that the performance of the STPTL is improved with the rise of filling ratios and the maximum energy saving occurs at a filling ratio of 70%, and a further increase of the filling ratio to 90% leads to a moderate decline of energy saving. At a low filling ratio such as 10% and 30%, despite some energy saving is still achievable for such low filling ratios, the uneven high outlet temperatures as shown in Figure 4 implicates that the low filling ratios cannot effectively In Figure 3 , the test results showed that the performance of the STPTL is improved with the rise of filling ratios and the maximum energy saving occurs at a filling ratio of 70%, and a further increase of the filling ratio to 90% leads to a moderate decline of energy saving. At a low filling ratio such as 10% and 30%, despite some energy saving is still achievable for such low filling ratios, the uneven high outlet temperatures as shown in Figure 4 implicates that the low filling ratios cannot effectively provide a temperature uniformity, the standard deviation of the temperature variation of airflow at the outlet of thermosiphon heat exchanger is as high as 5.52 • C. Details about energy saving percentage are explained in Tables 4 and 5. Notice that percentage of energy savings can reach up to 33.2% in one of 30% filling ratio cases. As shown in Tables 4 and 5 , the best power consumption was obtained at filling ratio of 70% where the energy savings is as high as 38.7%. This is because the evaporator is fully flooded with such filling ratio, and the evaporator can fulfill effective evaporation. Yet the yielded higher pressure with such high filling ratios also ensure circulating more working fluid across the circuitry as shown in Figure 3c , since the flowrate also increases with the rising pressure. Figure 3d depicts the working fluid's flowrate at different filling ratios. This can also make clear from the temperature contour at the outlet of data rack as seen in Figure 4 where the temperature uniformity is almost attainable when the filling ratio exceeds 70%. However, a further increase of filling ratio to 90%, result in a slightly reduction of energy saving as compared to the filling ratio of 70%. The results indicate that there is no extra energy saving benefit when the filling ratio exceeds the fully flooded condition of the evaporator. Hence, increasing filling ratio beyond fully flooding is actually not helping as far as energy saving is concerned, indicating overfilling might lead to degradation in heat transfer rate. This can be elaborated from the pressure measurement as depicted in Figure 3c where the system pressure for 90% filling ratio is slightly lower (about 10 kPa less) than a filling ratio of 70%. The energy saving is actually in line with the system pressure, and the maximum energy saving (70%) occurs at the maximum system pressure. Note that the system pressure is gradually increased from about 855 kPa to 990 kPa while the filling ratio ranges from 10~70%. The results reveal a plateau at an optimum filling ratio near 70%. The system pressure then drops about 10 kPa when the filling ratio is further raised to 90%. To explain this phenomenon, one would need to understand the phase change process of the thermosiphon at the present constant heating load condition. For a low filling ratio of 10-30%, the evaporator can be divided into two portions, the lower part of thermosiphon is the boiling zone while the upper part of the thermosiphon is simply a superheated zone, and the schematic of the low filling ratio can be depicted in Figure 5a . The level of the working fluid in these cases could not exceed 0.22 m height in the STPTL. The under-filling situation starves the evaporator, thereby leading to a higher uneven temperature distribution especially at the upper part of the thermosiphon heat exchanger as shown in Figure 4 . Thereby, the cooling capacity and circulation flowrate will be decreased. With continuous rise of filling ratio from 10% to 70%, the system pressure also increases accordingly and the flow inside the evaporator may become fully flooded at a filling ratio near 70% with the lower part being the boiling zone while the upper part being evaporation zone as schematically seen in Figure 5b . Boiling of the refrigerant at the lower part generates appreciable amount of vapor flow that brings the liquid entrainment toward the upper part of the thermosiphon that eventually hits and retains on the upper periphery of the thermosiphon by vapor flow, thus resulting in a film like structure, hence the heat transfer mode at the upper part is via evaporation rather than the boiling mode at the lower portion. The simultaneous presence of evaporation regime and boiling zone in a typical closed thermosiphon was first reported by [18] who experimentally reported geyser boiling in a vertical annular two-phase closed thermosiphon. A schematic about the geyser boiling is shown in Figure 6 by Khazaee et al. [19] . As seen in the figure, small bubbles are generated from the nucleate boiling zone, followed by growing size to the diameter of the thermosiphon tube. The vapor plugs then pushes the liquid slug upwards and eventually breaks up to spread around the tube periphery to yield annular flow zone as depicted in Figure 5b . This phenomenon was also numerically verified by Jouhara et al. [20] .
In this range with filling ratios from 10% to 70%, a continuous rise of vapor fraction through phase change via boiling or evaporation can effectively expand the vapor volume pronouncedly, therefore leading to a rise of system pressure. On the other hand, when the filling ratio is increased to 90% where the evaporator is in a state of overfilling as seen in Figure 5c . In this case, the evaporator is simply contained with a single boiling zone. The overfilling into the evaporator will not induce more vapor volume since the total heat input still maintains the same. Instead, it will reduce the mean vapor quality at the evaporator. Figure 7 shows the levels of liquid in evaporator and condenser at different filling ratios subject to no heat inputs, it is obvious that the liquid level of 90% FR exceeds the height of the rack. As a consequence, part of the liquid does not expose to the hot air. Note that the boiling heat transfer coefficient is normally higher than the evaporation heat transfer coefficient. This is normally the case in the present thermosiphon design for the vapor velocity is comparatively low. Notice that the present thermosiphon design is a passive device which differs greatly from active designs (forced convective boiling via compressor or pump). In essence, effect of nucleate boiling may surpass the influence of convective evaporation. The results indicate the effective heat transfer coefficient for the 90% filling ratio is higher than that of filling ratio of 70%. Based on a simple relation of Newton's cooling law where Q = hA (T w − T sat ), where h is the heat transfer coefficient, T w is the surface temperature and T sat is the saturation temperature. The corresponding saturation temperature must be reduced due to a higher boiling heat transfer coefficient for a filling ratio of 90%. In this regard, the corresponding system pressure is slightly decreased with a filling ratio of 90%. different filling ratios subject to no heat inputs, it is obvious that the liquid level of 90% FR exceeds the height of the rack. As a consequence, part of the liquid does not expose to the hot air. Note that the boiling heat transfer coefficient is normally higher than the evaporation heat transfer coefficient. This is normally the case in the present thermosiphon design for the vapor velocity is comparatively low. Notice that the present thermosiphon design is a passive device which differs greatly from active designs (forced convective boiling via compressor or pump). In essence, effect of nucleate boiling may surpass the influence of convective evaporation. The results indicate the effective heat transfer coefficient for the 90% filling ratio is higher than that of filling ratio of 70%. Based on a simple relation of Newton's cooling law where Q = hA (Tw -Tsat), where h is the heat transfer coefficient, Tw is the surface temperature and Tsat is the saturation temperature. The corresponding saturation temperature must be reduced due to a higher boiling heat transfer coefficient for a filling ratio of 90%. In this regard, the corresponding system pressure is slightly decreased with a filling ratio of 90%. the boiling heat transfer coefficient is normally higher than the evaporation heat transfer coefficient. This is normally the case in the present thermosiphon design for the vapor velocity is comparatively low. Notice that the present thermosiphon design is a passive device which differs greatly from active designs (forced convective boiling via compressor or pump). In essence, effect of nucleate boiling may surpass the influence of convective evaporation. The results indicate the effective heat transfer coefficient for the 90% filling ratio is higher than that of filling ratio of 70%. Based on a simple relation of Newton's cooling law where Q = hA (Tw -Tsat), where h is the heat transfer coefficient, Tw is the surface temperature and Tsat is the saturation temperature. The corresponding saturation temperature must be reduced due to a higher boiling heat transfer coefficient for a filling ratio of 90%. In this regard, the corresponding system pressure is slightly decreased with a filling ratio of 90%. 
Thermal Resistance of the STPTL Calculations and Results
For further elaboration of the performance of thermosiphon heat exchanger, performance was investigated in terms of thermal resistance of the STPTL. The heat dissipation from the heater is regarded as Q and 45 thermocouples were used to measure the average air inlet temperature (Tai) and outlet temperature (Tao), and some other thermocouples were used to measure the average 
For further elaboration of the performance of thermosiphon heat exchanger, performance was investigated in terms of thermal resistance of the STPTL. The heat dissipation from the heater is regarded as Q and 45 thermocouples were used to measure the average air inlet temperature (T ai ) and outlet temperature (T ao ), and some other thermocouples were used to measure the average temperature (T c,avg ) of the condenser. As mentioned earlier, the experiment was conducted at constant heating load (4 kW). However, the actual heat absorbed by the thermosiphon varies with operating conditions, such as rack inlet temperature (ambient temperature) and filling ratio. As depicted in Figure 8 , there is no direct contact between heaters and thermosiphon, yet; the amount of heat transferred to the evaporator depends on the temperature in-between the heaters and thermosiphon (T h ). Hence, heaters' temperature can be calculated as:
where Q H represents the heaters' power into the data rack. As can be seen in Figure 8 , air temperature and air flowrate changed after exiting the thermosiphon. Accordingly, the amount of heat absorbed by the thermosiphon can be calculated as,
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The overall thermal resistance is plotted in Figure 9 as a function of filling ratios. The results showed that lower thermal resistance occurs at high filling ratios (70% and 90%) and at a higher ambient temperature. Correspondingly, the boiling heat transfer coefficient is higher at high filling ratios. This is because the corresponding boiling heat transfer coefficient is increased with the system pressure. Conversely, the condensation heat transfer coefficient decreases with the rise of pressure. In a typical thermosiphon, the increase of boiling heat transfer coefficient is always higher than the decline in condensation heat transfer coefficient, this can be made clear through some typical correlations applicable for boiling and condensation, e.g., Equations (11) and (12) . In essence, a slight reduction in overall thermal resistance is seen with the rise of ambient temperature. To validate the experimental data of overall thermal resistance, some empirical correlations can be used to predict pool boiling and film condensation heat transfer coefficients are made. For current study, The correlations for estimating the boiling heat transfer coefficient in a thermosphion by Imura et al. [21] has been chosen to predict pool boiling heat transfer coefficient (hb), while Nusselt's theory of film condensation on a vertical flat plate can be applied to predict the average heat transfer coefficient of the nucleate liquid film boiling (hco) [ The average temperature of evaporator was measured at the surface, then experimental overall thermal resistance can be calculated as,
The overall thermal resistance is plotted in Figure 9 as a function of filling ratios. The results showed that lower thermal resistance occurs at high filling ratios (70% and 90%) and at a higher ambient temperature. Correspondingly, the boiling heat transfer coefficient is higher at high filling ratios. This is because the corresponding boiling heat transfer coefficient is increased with the system pressure. Conversely, the condensation heat transfer coefficient decreases with the rise of pressure. In a typical thermosiphon, the increase of boiling heat transfer coefficient is always higher than the decline in condensation heat transfer coefficient, this can be made clear through some typical correlations applicable for boiling and condensation, e.g., Equations (11) and (12) . In essence, a slight reduction in overall thermal resistance is seen with the rise of ambient temperature. To validate the experimental data of overall thermal resistance, some empirical correlations can be used to predict pool boiling and film condensation heat transfer coefficients are made. For current study, The correlations for estimating the boiling heat transfer coefficient in a thermosphion by Imura et al. [21] has been chosen to predict pool boiling heat transfer coefficient (h b ), while Nusselt's theory of film condensation on a vertical flat plate can be applied to predict the average heat transfer coefficient of the nucleate liquid film boiling (h co ) [ 
h co = 0.707
Subsequently, the predicted overall thermal resistance can be calculated such that:
The results of the predicted overall thermal resistance are shown in Figure 9 . It is obvious that predicted values of thermal resistance are in line with the experimental data, especially at high filling ratios. This is because the thermal resistance can be well described by the boiling heat transfer correlation since the evaporator is fully flooded. Yet the influence of the ambient temperature on the overall thermal resistance is rather small as explained earlier. Note that a higher ambient temperature into the data rack leads to a higher heating load of the thermosiphon, and a lower thermal resistance accordingly. Analogous results were obtained by Fadhl et al. [23] who also concluded that the thermal resistance of the thermosiphon tends to increase at low heating input, while it was appreciably decreased at high heating inputs. Their results showed that thermal resistance becomes relatively stable at a specific high heating input. However, as shown in Figure 9 , the measured overall thermal resistance of the thermosiphon at lower filling ratios (e.g., 10~30%) are detectably higher than those of calculations. The departure amid the predictions and the experimental measurements is because of the starvation of evaporator at such low filling ratios where the heat transfer process in the evaporator is appreciably offset by the upper part of the evaporator where only single-phase heat transfer for vapor prevails. To sum up, thermal performance of the thermosiphon tends to get improved by raising the filling ratios. However, the performance may reach a plateau when the evaporator is fully flooded, and a further overfilling may impair the overall performance. resistance of the thermosiphon tends to increase at low heating input, while it was appreciably decreased at high heating inputs. Their results showed that thermal resistance becomes relatively stable at a specific high heating input. However, as shown in Figure 9 , the measured overall thermal resistance of the thermosiphon at lower filling ratios (e.g., 10~30%) are detectably higher than those of calculations. The departure amid the predictions and the experimental measurements is because of the starvation of evaporator at such low filling ratios where the heat transfer process in the evaporator is appreciably offset by the upper part of the evaporator where only single-phase heat transfer for vapor prevails. To sum up, thermal performance of the thermosiphon tends to get improved by raising the filling ratios. However, the performance may reach a plateau when the evaporator is fully flooded, and a further overfilling may impair the overall performance. 
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Conclusions
This experimental study aims to investigate the energy saving potential by using a separated two-phase thermosiphon loop (STPTL) as a free cooling technique in datacenter. The thermosiphon heat exchanger takes the form as fin-and-tube configuration and is installed at the exit of a data rack. R-134a is used as the working fluid, and a water-cooled shell and tube heat exchanger is used as the condenser. The connected adiabatic piping, i.e., riser and downcomer, are made via PFA for easier 
This experimental study aims to investigate the energy saving potential by using a separated two-phase thermosiphon loop (STPTL) as a free cooling technique in datacenter. The thermosiphon heat exchanger takes the form as fin-and-tube configuration and is installed at the exit of a data rack. R-134a is used as the working fluid, and a water-cooled shell and tube heat exchanger is used as the condenser. The connected adiabatic piping, i.e., riser and downcomer, are made via PFA for easier installation and mobility consideration. The fin-and-tube thermosiphon heat exchanger is made of copper pipes and aluminum fins. The surface area of the thermosiphon is 1.11 × 0.69 m 2 including collector and header, and it consists of 48 vertical copper tubes with 9.52 mm nominal diameter (10.3 mm collar diameter after expansion). Tests are conducted with filling ratio ranging from 0 to 90% and the ambient temperatures varies from 21 • C to 25 • C. Based on the foregoing discussions, the following conclusions can be derived:
1.
The experimental results indicate that the energy saving increases with the rise of filling ratio. However, the optimum energy savings can be achieved at a filling ratio of 70%, a further increase of filling ratio leads to a reduction in energy saving. A substantial energy savings of 38.7% can be achieved at the filling ratio of 70%.
2.
At a low filling ratio like 10%, the evaporator starves for refrigerant and a very uneven air temperature distribution occurring at the exit of data rack. The uneven temperature distribution is relieved considerably when the evaporator is fully flooded.
3.
It is also found that the energy saving is in line with the rise of system pressure. Overfilling of the evaporator may lead to a decline of system pressure. This is because the evaporator is fully flooded and only nucleate boiling prevails.
4.
A lower overall thermal resistance occurs at high filling ratios and a higher ambient temperature. However, the effect of ambient temperature on the overall thermal resistance is negligible at high filling ratios. Yet appreciable increase in overall thermal resistance is encountered at low filling ratios due to the starvation of working fluid.
5.
It is found that the overall thermal resistance is in line with the predictions especially at the high filling ratios. ocouples (OMEGA, Singapore, Singapore), they were fixed and n in Figure 2b . The mesh was fabricated to cover the whole fans ) m². The obtained temperature values were used to calculate the tor (Te,avg). In order to measure the average temperature of the mocouples were installed at the inlet and the outlet of the pipe Figure 2(b) . A rotameter flow meter was used to measure water cy is ±0.2 l/min. All thermocouples were calibrated by RTD with temperatures were obtained by using digital recorder (LR8400-e same data logger was used to measure the working pressure of values were recorded by using (Yokogawa, Tokyo, Japan) type was connected with the header of the thermosiphon as shown in s 0~20 kgf/cm 2 , and the measurement uncertainty for voltage is mption was recorded for every case using WT210 digital power odel number 760401, and its uncertainty is ±0.1 W. Experimental device are tabulated in Table 2 . 
